Although the third-stage larvae of Angiostrongylus cantonensis (AcL3) are thought to initiate infection by penetrating the epithelium of the small intestine, the mode of intestinal invasion remains obscure. Considering the inaccessibility of the gut tract and the need to sacrifice animals for this type of study, we devised an in vitro cell-parasite co-culture system to examine the initial cellular and molecular events between AcL3 and host epithelia. No apoptosis augmentation was detected in enterocytes after introduction of larvae. A significant increase in dead cells was detected in IEC-6, NCM460 and 293T after incubating for 4 h, with AcL3 wounding rat small intestinal epithelial cells IEC-6 more rapidly. Under a scanning electron microscope (SEM), cell gap opening was visualized in the IEC-6 monolayer treated with AcL3. Loosening of the extracellular matrix (ECM) of the monolayer was found to be involved in the parasite-cell interactions. Pretreating the AcL3 with a protease inhibitor attenuated its penetration ability of the artificial intestine barrier. In conclusion, AcL3 broke through the intestinal barrier of the host with the assistance of mechanical injury and the opening of a cell gap, but without causing apoptosis. The interaction platform presented here may provide direct insight into the cellular and molecular events during worm invasion of host enterocytes.
INTRODUCTION
Angiostrongylus cantonensis is the primary pathogen of human eosinophilic meningitis by accidental infection [1] . As of 2008, over 2800 individuals have been reported to suffer from A. cantonensis infection [2] . Recently, the global spread of this disease from traditional areas to more than 30 countries [3] , and especially several outbreaks [4] [5] [6] , has attracted considerable attention.
Rats and non-permissive hosts acquire the thirdstage larvae of A. cantonensis (AcL3) by consuming infected snails or transport hosts [7, 8] . When the AcL3 infective larvae are swallowed and eventually reach the small intestine, they penetrate through the epithelium into the systemic circulation. The intestinal epithelium is acts as a barrier that AcL3 must overcome to infect hosts. Although apoptosis-inducing and cell-gap widening are thought to be involved in the parasitic invasion of tissue [9, 10] , and various proteases have been shown to have a predicted function during the parasite invasion of host [11] [12] [13] [14] [15] [16] , there is no detailed molecular pattern of penetration. The excellent work of Lee et al. points out that the serine protease and metalloprotease in excretion-secretion products (ESPs) of AcL3 give assistance in the host gut penetration [17] . Even so, considering the inaccessibility of the gut tract and the need to sacrifice live animals, a new method and more data are needed.
The initial interaction occurs between the nematodes and the intestinal epithelium once AcL3 enters the host via ingestion. In this work, we describe a cellparasite co-culture system to observe this initial interaction in vitro. We used different types of cell lines to check the tissue-specificity of interaction. The aim of the present work was to see whether ECM loosening occurs and assists in the infection with the worm, or whether the buccal stylet of the AcL3 [18] assists in the penetration by causing mechanical injury, eliciting death of the enterocyte. We hope that this interaction platform can be used to evaluate the tissue or molecular events that occurred during the worm's invasion of the intestinal epithelium.
MATERIALS AND METHODS

Ethics statement
Sprague Dawley (SD) rats were managed and housed in the Xiamen University Laboratory Animal Center, and were allowed food and water ad libitum. This study was performed in strict adherence to the Regulations for the Administration of Affairs Concerning Experimental Animals (as approved by the State Council of the People's Republic of China). The protocol was approved by the Committee for the Care and Ethics of Laboratory Animals of Xiamen University (Permit Number: XMULAC2012-0122).
Nematodes
The A. cantonensis strain was maintained in SD rats and snails, and the AcL3s were collected as previously described [12] . The sugar flotation technique was used to collect the first-stage larvae of A. cantonensis from infected SD rat feces after the 45 th day. Fresh positive rat feces, to which water was added to form a paste, were applied to the surface of lettuce. Apple snails (Pomacea canaliculata) were then fed on a diet of this lettuce and were consequently infected. After 3 weeks of being infected, the snails were cut into small pieces and digested overnight in digestive fluid (0.7% pepsin in 0.5% HCl). The AcL3s were collected under a dissecting microscope and used in subsequent experiments.
Cell culture
A rat small intestinal epithelial and a human renal cell lines, IEC-6 (CRL-1592) and 293T (CRL-11268), respectively, were obtained from the American Type Culture Collection (ATCC, Rockville, MD). The 293T cell line was chosen because it is an epithelial cell line that is derived from the non-digestive system. These two cell lines were cultured following the recommendation of the ATCC. The NCM460 cell line (INCELL Corporation, LLC), a human colon epithelial cell line, was a gift from Prof. Tianhui Hu of the medical college of Xiamen University, and the cell line was cultured as described in the manual.
The co-culture system
The co-culture system was based on permeable supports. The bottom chamber was the well of a cell culture plate in which the insert, a support coupled with a filter at the bottom, was assembled to avoid direct contact between the AcL3s and cells. Larvae were added to the upper or bottom chambers according to the different needs of the assay.
Apoptosis assay
Epithelial cells were cultured in 24-well plates to 80% confluence as described above. The upper chamber was coupled with a 0.45-μm filter membrane, which allowed molecular interaction while excluding larvae from the bottom chamber, and then 1000 AcL3s were pipetted into the upper chamber (Fig. 1A) . Groups of cells treated with 1 μM of etoposide and the same volume of Dulbecco's modified eagle medium (DMEM) served as positive and negative controls, respectively. After 6 h in the incubator, the monolayer cells were rinsed and fixed. All treated cells were analyzed under a fluorescent microscope, and a rabbit anti-cleaved caspase-3 (Asp175) antibody (Cell Signaling Technology), considered a marker of apoptosis, was used to label the apoptotic cells. Three visual field tests were randomLy selected and calculated in each of the triplicate trials.
Worm wound assay
The worm wound assay was performed as previously described with some modifications [19] . Cells were cultured in 48-well cell culture plates overnight to 90% confluence. Fifty AcL3s were suspended in 0.5 mL of medium without serum plus 1.75% agarose, and the mixture was then overlaid on the epithelial monolayer. The same volume of agarose medium without worms served as a control. After incubating for 0, 2 and 4 h, the monolayers were then rinsed and stained with trypan blue dye according to the protocol described by Perry [20] . The stained cells in each well were analyzed and counted under a light microscope for statistical analysis after background correction.
ECM degradation assay
The cells were cultured on a glass coverslip in the wells of a 24-well plate. When it achieved 90% confluence, the medium without serum was applied, a top chamber as described in the apoptosis assay section was assembled and two groups of AcL3s that were treated or not treated with inhibitors were introduced. In addition, the same volume of ESPs from the larvae was collected to investigate their impact on the ECM of IEC-6. After incubating under standard cell culture conditions, the coverslip was removed for immunofluorescence staining or scanning electron microscope (SEM) analysis. The working concentrations in the inhibitor cocktail were 10 mM of aprotinin, 1 M EDTA, 100 mM E64 and 10 mg/mL of pepstatin diluted in DMEM. All commercial inhibitors were purchased from ApexBio (Boston, MA).
Invasion assay
One hundred AcL3s were incubated in 100 μL of inhibitor cocktail or each single inhibitor for 30 min and then introduced into the upper chamber with a Matrigel-coated filter and a monolayer of IEC-6 at 90% confluence in serum-free medium (Fig. 1B) . Unlike the filter used above, the one in this assay allowed the worms to penetrate into the bottom chamber (Fig.  1C) . The apparatus was placed in an incubator with a gas phase of 5% CO 2 for 3 h at 37°C. The number of AcL3s that penetrated through the artificial barrier and entered into the bottom chamber was counted after incubating under an inverted microscope. The viability of the worms remaining in the upper chamber was also assessed by microscopy. The penetration ability of the larvae was investigated, and the control group was 100 AcL3s in 100 μL of DMEM without any inhibitors.
Immunofluorescence staining
Immunofluorescence (IF) staining was performed as described previously [21] . In brief, the treated cells were rinsed with precooled phosphate-buffered saline (PBS, pH 7.4) and fixed. The cells were soaked in A. The bottom chamber in the co-culture equipment was a well in the cell culture plate where the insert, a support coupled with a 0.45-μm filter membrane at the bottom, was assembled to allow interactions between AcL3s and cells, while avoiding direct contact. The larvae were added to the upper or bottom chambers according to the different needs of the assay. B. As for the invasion assay, a filter membrane that allowed AcL3 to pass through was coated with Matrigel for an enterocyte attachment at the bottom of the insert, mimicking the intestinal barrier; AcL3s were then injected into the upper chamber. C. The system for the invasion assay was visualized under an inverted microscopy. Black triangle -AcL3; white triangle -filter; bar=100 μm. 0.25% Triton X-100 solution in PBS for 15 min so they would permeabilize. Incubation with primary and secondary antibodies was subsequently performed after blocking. Primary antibodies against cleaved caspase-3 (1:400) and laminin (Sigma-Aldrich, 1:100) were used according to the recommendations in the manual. DAPI (Sigma-Aldrich) was used to color the nucleus with a 5-min incubation in the dark. Stained cells were analyzed with a fluorescence microscope and the images were captured by a digital camera and Image-Pro Plus (version 6.0) software.
Scanning electron microscopy (SEM)
The method used to prepare the specimen for SEM was based on the procedure described by Fuller et al. [22] . A treated coverslip was fixed in 2.5% glutaraldehyde for 2 h at room temperature followed by three rinses with PB (0.1 M, pH7.4). Dehydration was performed through a graded series of ethanol washes. After drying under CO 2 , the specimens were coated with gold. Visualization was performed using a LEO 1530 SEM.
Statistics
All the assays were carried out in triplicate at least and the values expressed as the means±standard deviation (SD). Significant differences between groups were analyzed by t-test or one-way analysis of variance (ANOVA) followed by Duncan's multiple comparison test with SPSS 13.0 (SPSS, Inc., Chicago, IL, USA), with a P value <0.05 considered statistically significant.
RESULTS
The ESPs ofAcL3 did not induce IEC-6 apoptosis
As shown in Fig. 2A , the apoptotic cells in the IEC-6 monolayer displayed a positive signal with green fluorescence, under the fluorescence microscope. After 6 h of incubation with AcL3, the number of positive cells in the larvae-treated groups did not differ significantly from that of the control (P=0.8278, P>0.05) (Fig. 2B) . Furthermore, we detected the level of apoptosis in NCM460s that were exposed to AcL3 (Fig. 3) . All treated monolayer cells exhibited an equal level of apoptosis in comparison with the control, suggesting that apoptosis was not induced by larvae that had been co-cultured with these epithelial cells. A. NCM460 cells were grown to confluence in the bottom chamber for the apoptosis assay. After 6 h of incubation with AcL3, apoptotic cells were labeled with an antibody against activated caspase-3 (green); the nucleus was stained with DAPI (blue). The blank was NCM460 without AcL3. After the images were merged, the number of positive cells was counted. Ten μM of etoposide was used to induce apoptosis and served as the positive control. B. Results shown as the means±SD from three independent experiments. No significant difference between two groups were found by the t-test; ns -not significant; bar=100 μm. Fig. 2 . Apoptosis assay of IEC-6 after incubation with AcL3. A. IEC-6 cells were grown to confluence in the bottom chamber for the apoptosis assay. After 6 h of incubation with AcL3, the apoptotic cells were labeled with an antibody against activated caspase-3 (green); the nucleus was stained with DAPI (blue). The blank consisted of IEC-6s without AcL3. After merging the images, the number of positive cells was counted. Ten μM of etoposide was used to induce apoptosis, and served as the positive control. B. Results shown as the means±SD from three independent experiments. No significant difference between the two groups were found by the t-test; ns -not significant; bar=100 μm.
The AcL3s that browsed the epithelial cells wounded them with cell specificity
Pepsin-activated AcL3s were co-cultured with three cell lines in semisolid medium to mimic the in vivo condition. The dead cells, in which the membrane was damaged, were dyed blue with trypan blue and viable cells were excluded from staining. Light microscopy studies showed that the larvae that were browsing the monolayer formed by the IEC-6 cell line caused the number of cell deaths to increase significantly (P=6.84×10 -17 , P<0.05 by ANOVA) after the agar overlay was applied 2 h later (P=1.29×10 -14 ) and 4 h (P=1.68×10 -17 ), in comparison with the control (Fig.  4A, B) . However, the number of dead cells did not show a significant increase in the NCM460 (P=0.98, P>0.05) or 293T (P=0.99, P>0.05) after 2 h of incubation, but rapidly reached the same level as that of the IEC-6 after 4 h of incubation relative to the control (P=2.05×10 -19 , P<0.05 for NCM460; P=8.19×10 -15 , P<0.05 for 293T). The differential wound caused by AcL3 suggests that the nematodes sensed the host tissues at different time points.
Proteases in the ESPs of AcL3s degraded the epithelial ECM
All treated cells were visualized by SEM to observe the superficial changes in monolayer integrity. Monolayers treated with 1000 AcL3s for 3 h revealed distinct gaps that widened at cell-cell contacts in comparison with the control (Fig. 5B, E) , indicating that the ESPs of larvae were essential for this trace, even if the worms did not need to be at the point of contact between neighboring cells. In addition, a protease inhibitor cocktail that was applied to the AcL3 was able to partly attenuate these changes, implying the involvement of proteases in this process.
To quantify the remarkable variation in the monolayers caused by AcL3, the ECM and the cells were labeled with green fluorescence (Fig. 6A) . Under the fluorescent microscope, three visual field tests were randomly selected in each of the separate triplicate samples and intercellular gap areas were measured. 5 . SEM observation of the superficial change in the IEC-6 monolayer after the introduction of AcL3. IEC-6 cells were grown to confluence on microscope cover slips. AcL3s pretreated with inhibitors (C, F) and normal AcL3s (B, E) were applied to the cells for 3 h. The blank is comprised of IEC-6s without AcL3 (A, D). The cells in the blank group exhibited intact and continuous cell sheets. After treating with AcL3, the cell sheet became cracked (B, E), with obvious gaps present at the cell borders. Inhibitor pretreatment partly attenuated this variation (C, F). Bar=10 μm.
Fig. 4.
A wound assay of epithelial monolayers after exposure to AcL3s in a time gradient. A Three epithelial cell lines were grown to confluence. AcL3s suspended in agarose plus medium were overlaid on the monolayer. After incubating over a time gradient, the cells were stained with trypan blue to detect the dead cells (blue). B. After 4 h, the dead cells had clearly increased in all 3 cell lines. At 2 h, the increase was only detected in the IEC-6 monolayer. The results are presented as the means±SD from six independent experiments. The difference between the means from samples at different time gradients was estimated by one way ANOVA followed by Duncan's multiple comparison test. Asterisk -P<0.05; ns -not significant; bar=100 μm.
As shown in Fig. 6 , all treatments were found to differ significantly by ANOVA (P=2.2×10 -11 ), and Duncan's multiple comparisons further showed the differences among them (P<0.05), i.e., both AcL3 and the ESPs had a considerable effect on the intercellular space in IEC-6 after incubation. In comparison with the blank control, the ESPs (P=2.10×10 -9 , P<0.05) and AcL3s (P=2.89×10 -12 , P<0.05) led to 3.08-and 4.47-fold increases in the area value of the intercellular space, respectively. Groups of larvae that had been pretreated with inhibitors also displayed a 1.64-fold increase in comparison with the blank; the remarkable decline in the AcL3 and ESP groups (Fig. 6B) pointed to the alleviative effect of the inhibitor mixture on the cell gap opening. Thus, proteases from AcL3 were observed to be a powerful biochemical weapon in assisting larval penetration of the epithelial barrier.
Protease inhibitors blocked worm penetration of the in vitro barrier
The invasion of the in vitro barrier was observed in AcL3s pretreated with the protease inhibitor mixture, each single inhibitor and the control. A permeable support, which was coated with Matrigel on which cells could be seeded, was used for the in vitro invasion assay of infectious larvae (Fig. 1B, C) . After 3-h incubation, almost all the larvae were able to pass through the monolayer, gel pad, filter and finally into the bottom chamber. However, preincubating AcL3 with inhibitors led to significant effects on its barrier penetration ability (Fig. 7) according to ANOVA (P=2.2×10 -11 ), and Duncan's multiple comparisons further showed that all treatments differed significantly from the control (P<0.05), i.e., aprotinin, EDTA, E64 and pepstatin effectively blocked 24.7%, 31.0%, 23.5% and 11.5% of the penetration, respectively, indicating an involvement in all four classes of proteases, aspartic protease, metalloprotease, cysteine protease and serine protease, during this process. An inhibitor cocktail prevented 66% of the AcL3 from penetrating the in vitro imitative barrier in six separate trials on average. The larvae in the top chamber were visualized by microscopy and no inhibitor influence on parasitic viability was detected after the incubation. Clearly, the Fig. 6 . Quantitative analysis of ECM degradation of IEC-6 after incubation with AcL3. A. IEC-6 cells were grown to confluence. AcL3s pretreated with inhibitors and normal AcL3s were applied to the cells for 6 h. The blank was comprised of IEC-6s without AcL3; a comparable amount of ESPs was collected to apply to the ESP group. After incubation, the cytoplasm and ECM were labeled with anti-laminin antiserum (green); the nucleus was stained with DAPI (blue). After the images were merged, the dark area represented the intercellular gap. B. The dark area was measured and analyzed. The results are shown as the means±SD from six independent experiments. The difference between the means from each group of samples was estimated using one-way ANOVA followed by Duncan's multiple comparison test. Asterisk -P<0.05; WL -white light; bar=100 μm. Fig. 7 . Protease inhibitors reduced larval penetration of the in vitro barrier. IEC-6 cells were grown to confluence on the Matrigelcoated permeable filter. The same number of AcL3s that was pretreated with or without inhibitor cocktail was introduced into the upper chamber for the invasion assay. The effect of a single inhibitor was investigated. The number of AcL3s that penetrated through the barrier was measured. After 3 h of incubation, almost all the larvae passed through the barrier; a 66% decrease was detected in the inhibitor mixture-treated group. Aprotinin, EDTA, E64 and pepstatin were found to block 24.7%, 31.0%, 23.5% and 11.5% of the penetration effectively, respectively. The results are shown as the means±SD from six independent experiments. The difference between samples was estimated by the t-test. Asterisk -p<0.05. inhibition of protease from AcL3s arrested the invasion of the larvae, implying the essential roles of proteases in breaking through the intestinal epithelium.
DISCUSSION
As in most foodborne pathogens, the small intestine is the site through which they enter the body of a host, and A. cantonensis is no exception. Although some in vivo studies on the invasion and behaviors of A. cantonensis have been established, a detailed investigation of this process has been hindered by obstacles to accessing and manipulating the intestinal environment of the worms. Therefore, we first focused on developing an in vitro system that could be used to test the initial interaction between larvae and epithelial cells. Thereafter, the apoptosis assay and other experiments were used to evaluate the initial interaction between AcL3 and epithelial cells in vitro. Therefore, the experimental platform presented in this study was feasible and the system might be applied to work as distinctive analyses with a corresponding setup.
Infectious parasites, such as blood fluke and malaria, were documented to induce apoptosis of the host epithelia from the skin and brain, respectively [9, 23] . Hu et al. [10] demonstrated that A. cantonensis larval extracts had pro-apoptotic effects on both brain microvascular endothelial cells and brain astrocytic cells. Even so, when the influence of mechanical injury to cells was excluded in the apoptosis assay, no apoptosis was induced by ESPs of AcL3, suggesting differential responses of different host cells to the pathogen.
As shown, the worms were allowed to browse the monolayer and were provided a chance to attack the cells after direct injection into the cell plate. Although there seems to be no specificity in the dead cells from all three epithelial monolayers provided with a sufficiently long incubation time, the different cell lines may have distinctive responses to the AcL3 moving over them at different time points. We speculate that AcL3 achieves gut penetration after the essential identification of host enterocytes, despite a lack of clarity regarding the precise mechanism. The small intestinal epithelium was mechanically wounded by AcL3 more rapidly than kidney and colon cells, and this immediate response was likely related to the normal route established between AcL3 and host enterocytes, which represent the first line of host defense. Unlike the large area of enterocyte damage caused by Trichinella spiralis [19, 24] , an augmentation in dotted dead cells was detected in our work. Many cases of trichinellosis present pathological changes in gastrointestinal symptoms, caused by the worm burrowing into the intestine and migrating within it [25, 26] ; however, no such case was reported during AcL3 invasion of the small intestine [2, 27] . Perhaps they had different infection strategies. In one case of abdominal angiostrongyliasis, which was commonly attributed to A. costaricensis infection [28] , this disease could have been caused by A. cantonensis, with eosinophilic accumulation in the mucosa of serosal layers of host sigmoid colon [29] . However, unlike the fact that A. costaricensis lived inside intestinal small vessels, A. cantonensis had no direct contact with the colon in its life cycle. These symptoms of eosinophilic infiltration in the colon might be related to host interleukin and eosinophil responses [30, 31] , but not to larval invasion.
Although secreted proteases of AcL3 were indirectly shown to facilitate the host gut breakthrough [17] , our results of SEM provide direct evidence that the ESPs of AcL3 opened the epithelial cell sheet of IEC-6. By measuring the dark area representing the gaps, a widening gap between the neighboring cells was observed after treating with AcL3. In addition, cells treated only with a comparable amount of ESPs resulted in less cell-gap widening than that of AcL3, pointing to possible upregulation of some AcL3 genes, which contributed to space broadening. The role of proteolytic enzymes that may be involved in ECM degradation was evaluated by using an inhibitor-based approach.
Lee and Yen [17] developed an entire duodenum model to observe the larval penetration of the gut wall and a 4-h incubation was required for the assay. After only 3-h incubation, the penetration rate of 97% can be measured easily by counting the number of AcL3 in the bottom chamber using the artificial barrier, re-vealing that this was a time-saving and easy-operating method of assessing the influence of proteases on larval invasion. Unlike the findings of Lee and Yen, our data showed that cysteine protease also functioned in gut penetration of AcL3. Cathepsin B-like cysteine protease was reported to be one of the most abundant transcripts in AcL3 [16] and was documented to play a vital role in the gut penetration of Fasciola hepatica [14] , which indirectly supported our results. Besides, the cocktail partially blocked larval penetration of the barrier at a rate of 66%, suggesting the involvement of other factors in this process, as for exaple mechanical injury or the involvement of a pore-forming molecule, as previously reported in whipworm [32] .
CONCLUSIONS
We established an in vitro co-culture model and constructed a platform that was fitted for exploring the precise mechanical changes experienced by host cells during A. cantonensis infection. Although details of the mechanism remain to be determined, the present work demonstrates that the ESPs of AcL3 were capable of expanding the cell gaps of the epithelial sheets, and wounding the epithelia derived from the small intestine because by mechanical damage, while apoptotic effects were undetected. The proteases contained in the ESPs played vital roles in hydrolyzing the components of the ECM. We hypothesize that AcL3, after recognizing the intestinal cells, wounded the epithelia and broadened the cell gap by loosening the ECM in order to pass through the barrier.
